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SUMMARY

This report is divided into three parts. The first part (Sections I
through IV) is a summary of the results of a literature survey conducted on the
general topic of towed vehicle systems. The second part (Section V) is an ana-
lytical development which demonstrates that one of the fundamental assumptions
which most investigators have made (considering the tow cable's tangential
frictional force to be negligible) is incorrect. The third part (Section VI)

is & bibliography.



I. INTRODUCTION

Since the problem areas encountered are quite similar the survey covers
both airborne and submersible systems. Briefly, the conclusion of the survey
is that much work remains to be done (both theoretically and experimentally)
before a significantly greater level of understanding than currently exists is
achieved in the area of towed vehicles.

No attempt is made herein to indicate the many and varied areas of
applicebility for the solution of the towed vehicle problem; especially since
many applications in this era of heavy government support of research are class-
ified. Bather, a general description of the technical problem areas is presented.
Also, in an effort to enable the reader to follow the evolutionary path of the
many investigators brief abstracts are given for some of the references in the
bibliography, Section VI. The bibliography is by no means an attempt to list
all of the numerous references found, for they are extensive in number and in
the large most have not contributed significantly to furthering the state of
the art. Rather it represents a sampling from which the interested reader can,
hopefully, obtein an appreciation of the magnitude and scope of the problem area.

One of the odd features of this topic area is that relatively few of
the research reports written on towed vehicles have been published in journals.
This feature has resulted in vast duplication of effort; especially in the last
five years during which time agencies of several governments have been supporting

research efforts in the area of the stability of towed vehicles.

II. GILAUERT'S MATHFMATICAL MODEL

Most researchers tend to duplicate (both by intent and inadvertently)

the works of Glauert [1, 2] who published his papers on the stability of an
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airborne non-lifting towed vehicle in rectilinear motion in 1930 and 193k
respectively.

Glauert's analyses incorporate flexible cables and make the assump-
tion of straight, level flight in which the cable moves from one equilibrium
shape to the next (an instantaneous displacement) while the towed vehicle behaves
dynamically. Another assumption made by Glauert, which like the above, later
investigators have also adopted is that the cable drag is perpendicular to the
cable. That is; there exists no skin friction component. This greatly simpli-
fies the equations which determine the shape of the cable. However, quoting
from Glauvert, "Further investigation is necessary to examine the dynamical
effects on the wire (cable) which are ignored in the present analysis.”

Glauert's investigations were directed towards developing stability
criteria for both longitudinal and lateral perturbaticns for an assumed equilib-
rium position for non-1ifting bodies. His results are presented parametrically;
the parameters being combinations of cable length, cable weight, towed body
weight, ratio of drag of cable to drag of towed body, and angle of inclination
of ceble. He did not attempt to couple the longitudinal and lateral stability
problems.

Of the many investigations which followed Glauert's work the most
significant contribution was made in 1947 by L. Lendweber and M. H. Protter

[:3:] . It is equally significant that this paper has gome completely unnoticed
by subsequent researchers and as & consequence none of the investigations conducted
since yield results delicate enough to be termed better than "adequate." The
main contribution of [:3:l is that the authors included the tangential friction
force of the towing cable in their mathematical model and, using measured quan=
tities for this force, demonstrated that the equilibrium configuration of the

system is altered appreciably by the tangential drag. Some completely independent
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studies have been made in recent years or this problem, but they fail to achieve
the elegance of [3] and consequently never demonstrate the importance of the
tangential drag. Landweber and Protter did not glean all of the useful inform-
ation which can be obtained from a slight modification of their mathematical
model. Specifically, they failed to formulate a moment equation which is non-
trivial. In Glsuert's case the moment equation is trivial because his mathe-
matical model reduces to & system of concurrent forces. The results of |:j]
are presented in what might be termed a complicated form because the authors
resorted to numerical means to solve the resulting equations. In Section V we,
with computer solution in mind, derive the basic equations and present them in
a very simple form. We also develop the moment equation referred to above.
Equally important is that the illustrative exsmples given in |:j] are for water

vhereas the results of our study are illustrated for air.

IIT. SOME OTHER TYPES OF INVESTIGATIONS

An unfortunate waste was created by the excessive duplication of effort
by the many investigators. The mathematical models which they used are very
much similar to Glauert's; which is quite understandable sans the benefit of
the experience of the others (especially Landweber and Protter). This has
resulted in models which are necessarily crude {Glauert emphasizes this) to
facilitate the mathematics. Accordingly, the results are at best of a first
order approximation. However, the model(s) have proven to be adequate for deter-
mining some of the fundamental problem areas; a fact which is borne out by exper-
imental work. For example Shanks [:, 6,'7,?3 has done a considerable amount
of research on the lateral stability of towed, lifting sairborne vehicles.

Shanks' efforts differ from most other investigations in that he seeks ways of

stabilizing an unpiloted towed vehicle (a difficult analytical undertaking)
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rather than accepting a given confguration and determining (parametrically)
regions of unplloted stability for it.

Perhaps the most unusual (and most pessimistic) paper written concern-
ing the stability of towed vehicles is that of SShne [:Q] s who was a glider
pilot in World War II. His theoretical study was nis dissertation (19L4T).

".s. blind towed flight of long duration is impossible. If the towing airplane
is lost sight of, the pilot of the towed airplane is forced usually after a

few seconds to release the towline."

One must keep in mind that this paper
was written prior to the "electronics age."

As indicated above a number of investigations have been conducted
with the towing environment being water. See references 10 through 12 and 15
through 26. However, many of these studies have placed primary emphasis on the
towed vehicle (hydrofoils,instrument packages, etc.); the system analysis being
of passing interest to the investigators. Even those reports which are concerned
with the system prove to be less searching studies than some of the studies
conducted with airborne vehicles, although once more [:3:] is an exception to
this criticism. The latter criticism stems mainly from the investigators reluc-
tance to make any concession for the difference in media from Glauert's work.
For example [:ld] is virtually a duplicatior of a small part of Glauert's
work. Nevertheless, despite their many shortcomings the authors of [il, gﬂ
made the only reascnable attempt uncovered in this survey to analyze a towed
vehicle in a turn. They do this considering fully submerged hydrofoils, for

which they establish stability criteria. It is of interest to note that no

experimental projects were initiated to verify their findings.

IV. BASIC PROBLEM

The basic system of concern in the study of the towed vehicle problem
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consists simply of & towing vehicle, a cable and the towed vehicle, which can
be lifting or non-lifting.

Focusing on one of the several logical starting points in the analysis
of the airborne system, the cable connection to the towing vehicle, the complex-
ity of the general problem becomes evident. All the reports studied begin with
the assumption that the dynamic properties of the towing vehicle are completely
known and that its flight pattern is stable. Any other assumption, such as the
towing craft moving through a region of turbulence is, in effect, to place a
forcing function on the cable. This, of course, would create traveling waves
in the cable making the analysis of the system (the cable dynamics superimposed
upon the dynamics of the towed vehicle) quite complex. It is obvious, of
course , that the forcing function can also originate at the connection of the
towed vehicle to the cable. It has been argued [}3] that for low velocities
(approximately 200 mph at sea level) that the traveling wave damps out and can
be neglected. The entire problem of high subsonic velocities and supersonic
velocities has not been investigated snalytically. The transition velocity
range would no doubt prove to be an interesting study.

Reference [i@] carries Glauert's work one significant step further
by showing that there exists a critical (unstable) speed range. It is interesting
to note that the authors of [jél were very apologetic, stating that they were
not aware of and thus for the most part duplicated Glauert's work.

Reference [}3] aslde from being a fair review of the state of the
art, sans [:i] , contains as its main contribution parametric studies of the
longitudinal and lateral stability of 1ifting bodles both coupled and uncoupled.
This is accomplished by studying the equations of motion (using linear theory)
on an analog computer,

The literature does not contain any reference to the study of towed



Bm
elastic bodies. The aeroelastic analysis of lifting bodies in free flight
remains a complex problem to analyze. An extreme but relatively simple case,
the structural stability of a right circular cylindricail shell (missile) with
arbitrary boundary conditions under the action of a longitudinal pulsating load,
is receiving considerable attention in the literature. Thus, it is seen that
this small, significant portion of the overall system is not easily attacked or
solved.

Nevertheless, the ultimate problem to pursue is the stability of a
three dimensional, multi-degree of freedom, damped, elastic, towed vehicle,
both lifting and non~lifting, considering both rectilinear motion and turns.
The state of the art is such that we are a long way off from being able to make
a meaningful analytical analysis of this problem. The fundamental mathematical

model must be improved incrementally, supported by & parallel experimental effort.

V. EQUILIBRIUM CONFIGURATION AND TENSION OF A LIGHT FLEXIBLE CABLE IN A UNIFORM

FLOW FIEID,

In this section we present the results of our study of the effect of
a cable's tangential drag force on the orientation of a tow vehicle system,
demonstrating that the skin friction force is not a negligible effect as most
investigators, sans proof, have assumed. The equations developed should prove
to be a valuable starting point in future investigations to determine stability
criteria for the system, and equally important they can be used by practicing
engineers to obtain more accurate estimates of cable shapes.

Two fundamental categories into which tow vehicle studies may be
divided are light (negligible weight) and heavy cables. In that our purpose
was to display the effect of skin friction and in that in most cases the weight
of the cable is negligible in comparison to that of the body being towed we
confined the study to the case <f the light cable. More important, this assump-

tion aided in simplifying the resuiting equations so that attention was properly
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focuse_d on the effect of skin friction. The other assumptions made were steady-
state aerodynamics, constant tow vehicle vel@city, equilibrium configuration
for the tow cable (hence system), and the airplane and towed vehicle were assumed
to be rigid bodies. The last assumption allowed for constant values of 1ift
and drag to be employed for the towed vehicle when in straight f£light at a con-
stant speed. These assumptions are discussed at length in many of the reports
listed in the bibliography and will not be repeated herein.

Figure 1 1is a sketch of the system analyzed, defining a few of

the variables which appear in the development below.

¢

—— OC
Figure 1 - TOW VEHICLE SYSTEM

A free body dlagram of a generic segment of the cable of length ds is

shown in Figure 2.

Figure 2 -~ FREE BODY DIAGRAM
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Summing forces in directions tangent and ncimal to the cable at point

A we obtain after making a small angle assumption on a’ lf

dz =dT (1)

and

(2)
Tdy —dN =0 ]

Let us write the tangential drag per unit length as

42 = FP)ds (3)

and the normal comporent per unit length as

(L)
dN = F () o s

where f' (gﬂ ) and ?.0/) are experimentslly determined and are functions of the
velocity of the cable. It turns out that g ((y) can be expressed as

?‘(_lf)= K 6052%

where /< » of course is a function of the velocity of the cable. Thus Egn.

(4) may be rewritten as

dV = Kc‘asz% d/;S (5)
It facilitates computations to leave (3) in its present form for now.

We will now formulate the governing differential equation for the

determination of cable shapes. Placing (5) into (2) we cbtain

Tc/%‘/( 605)% a/,ﬁ

I

(& (6)

T may be determined by placing (3) into (1) and integrating. Thus,

T = ff@ﬂ)a/.s + “ (7)




Hence, from (6) and (7) we obtain

( [ fpds +c )dyp — K cos®pSs =0 (8)

Dividing (8) by d{f yielas

j F(zp)c/s o — K co52¢ E/.-"_ =0 (9)

Taking _2/_ of (9)
ds

: —J 6052 J =
£ - 5 (Keos’p 2)

2
@) + 2K cospsmyp — K coszf .;_/_’é j/;" =0

or

2
4= - g(y) ds =0, (10)
dip* olip
where
(4) = £ + 2K cosp sinf
¢ $) = K cos*f (11)
Using Eqn. (10) and the geometric relations
d= = S/ ds (12)
and
C/'a" = cos f ds (13)

it is easy to make comparative studies between Glauert's model which neglects
the effects of skin friction and our mathematical model which, of course » includes
the effects of skin friction. However, before doing that let us develop one

more valuable equation by selecting a slightly altered mathematical model; that
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is, another free body diagram.

let O Ybe the center of gravity of the towed body which was assumed
to be a particle. Hence the center of gravity is the geometric center and lies

on the cable. Thus, we have the free body diagram shown in Figure 3.

D (Drag of Towed Body)

L (Weight of Towed Body - Lift)
Figure 3. = MODEL FOR MOMENT CALCUIATION

In Figure 3 c represents the position vector measured from O to any point

on the cable. Thus,

C=xtC + 7. }'. (14)
The cable force T may be written as

T=T(sngT+cosypF) (15)
Similarly we may form

dT-= dt(-slngﬂZ—CosM;) (16)

and

C{/V = CIIN(‘Cast/Z +51n¢;> (17)

Teking moments about point O we have

S

EM,=0=2xT+| Zx(dZ+dW) (18)
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Plecing Egns. (1l4) through (17) into (18) we obtain

S
T(Xcosc/’-—-Ysmuf)-:- L {:—/—E(—x (os(./+7_sm¢

+ dv X s+ nco z ds =o
Tz (x s+ peozy)
where X and Y are as defined in Figure 3 (say the point of contact with the

towing vehicle). We can now replace 7, dW¥ and dZ  in the last equation by

using Egns. (2), (3) and (5). The result is

K cosch i-;(xcos¢—)/smsﬂ)

(19

+J;S{ F@)(‘Z cos«/-/—?sm/)-l-l( coszfﬂ(x 5//;/#? cassﬂ)g ds =0

Eqn. (19) allows for the complete determination of & cable configuration
for a given physical problem. The potency of the equation is self evident. In
our next report we will develop & more general equation taking the cable weight
into account. Therefore, we will not dwell on the moment formulation herein.

Let us now return to Egns. (10) through (13). Define I‘ = K/To
where T, is the tension in the cable at (p Z2 O . Thus, nondimension-

alizing the lengths S , X and /d, we obtain

r= sV
§-=7 (20)
z7=47
Placing (20) into (10) we obtain
d%-_gy)ifzo (21)

dp* Jip
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The boundary condition necessary to integrate Egn. (21) is obtained from Egn.

(6). We have defined

‘z; = .7-‘¢p==c>

Therefore from (6) in nondimensional form we have

35/(,4:0 =

as the boundary conditioh. Using this boundary condition Egn. (21) was integrated
by computer using a Runga Kutte scheme and the resulting curves for cable shapes
were plotted.

Intuitively one would expect the tangential drag to increase with
velocity and tend to force the cable to approach & straight line configuration
in the limit. Hence to illustrate the importance of the frictional force we
have selected an extremely low velocity for our illustrative example. To this
end experimental data was taken from I:h:] which was measured in a flow of
40 ft./sec. Thus by & curve fitting process fYqv was computed to be

. A% 3
Fp) = 0.013¢ (£) +0.0072 (L)~ 00504 (4

Figure 4 contains comparative curves for the case where the drag of
the towed vehicle is negligible. Thus it is solely a theoretical result. The
zero towed body drag produces & vertical tangent at the point of contact of
towed vehicle and cable.

Figure 5 contains comparative curves for an arbitrary set of input
data of drag and lift for the towed body which results in an angle 90 at the
cable-towed vehicle connection of 0.6 radiens.

The significant difference in the curves of Figures 4 and 5 is entirely




13-
due to the effect of tangential drag. Physically, when one eliminates this
effect he, in essence, is making the assumption that the tension throughout the
cable is constant. Thus, there is but one possible cable configuration for the
Glauert case. It is a fair first approximation and mathematically Glsuert's
equations are easier to work with than the equations developed above but as the

study shows the Glauert results are not sufficiently delicate for accurate work.
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of the wire in the plane of symmetry, and, even if the body has satis-
factory statical stability, this oscillation may become unstable if

the body is too short or if the drag of the body is low compared with
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Etkin, B., and MacKworth, J. C., Institute of Aerophysics, University of
Toronto, UTIA Technical Note No. 65, January, 1963.
A theoreticel and experimental (wind tunnel) investigation was made of
the stability of a heavy body towed on a light cable beneath an aircraft.
The theory showed the possible existence of a band of speeds within which
the body is dynamically unstable, (swinging sideways). The experiments
confirmed this prediction, and showed good agreement with the calculated
values of the twc critical speeds which bound the unstable region. The
calculated and measured periods of oscillation also were in good agreement.
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and Newman, Inc., 28 May 1962, 36 pp.
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and Hollings, D., Admiralty Underwater Weapon Establishment (¢. Brit.),
July, 1962, 9 pp.
Vibration and Towing Characteristics of Surface=-Suspended Hydrophone
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Speed Sled Target, McGinley, J. C., DIMB Report 589, 1947,

Wind Tunnel Test of Three Towed Winged Vehicles, lLoezos, S. , David Taylor

Model Basin, January, 1964, 31 pp.

Static stability characteristics of 3 prototype towed vehicles: the Gruman

ASQ-46, Johnsonville HIM~-109, and Johnsonville HPM-110, were obtained by

subsonic wind tunpel tests.
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is described. Basin tests of a prototype body indicate that the design

requirements were satisfactorily achieved.
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Stability of a Towed Object, Reid, W., Naval Ordnance Leb., October 196k,

24 pp.

Problem: That of a bilaterally symmetrical object being pulled along in

alr in a straight line at constant speed by a single towline, which is

assumed to remain straight and of constant length. Linearized approximation

to the diff. equations of motion are developed.

Two characteristic
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equations are obtained from these by postulating exponential solutions.
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